Modeling non-linear seagrass clonal growth: Assessing the efficiency of space occupation across the seagrass flora by Sintes, Tomàs et al.
Modeling Nonlinear Seagrass Clonal Growth: Assessing the
Efficiency of Space Occupation across the Seagrass Flora
TOMA`S SINTES1, NU´RIA MARBA`2,*, and CARLOS M. DUARTE2
1 Departament de Fı´sica, Universitat Illes Balears, 07122 Palma de Mallorca, Spain
2 IMEDEA (CSIC-UIB), Grup d’Oceanografia Interdisciplinar, Institut Mediterrani d’Estudis Avanc¸ats,
C/ Miquel Marque`s 21, 07190 Esporles, Spain
ABSTRACT: The clonal growth of 9 seagrass species was modeled using a simulation model based on observed clonal
growth rules (i.e., spacer length, rhizome elongation rates, branching rates, branching angle) and shoot mortality rates for
seagrass species. The results of the model confirmed the occurrence of complex, nonlinear growth of seagrass clones derived
from internal dynamics of space occupation. The modeled clones progressed from a diffuse-limited aggregation (DLA),
dendritic growth, identified with a guerrilla strategy of space occupation, to a compact (Eden) growth, comparable to the
phalanx strategy of space occupation, once internal recolonization of gaps, left by dead shoots within the clone, begins. The
time at which seagrass clones shifted from diffuse limited to compact growth was predictable from the branching angle and
frequency of the species and varied from 1 yr to several decades among species. As a consequence the growth behavior and
the apparent growth strategy of the species changes with the development of the clones. The results of the model
demonstrate that the emergent complexity of seagrass clonal growth is contained within the simple set of growth rules that
can be used to represent clonal growth.
Introduction
Clonal growth has been identified as the primary
component of the productivity of seagrasses, with
population dynamics depending on the continuous
formation of new modules through meristematic
activity (Tomlison 1974). In addition to its role in
the maintenance of established populations, the
space occupation by most seagrass species is closely
dependent on clonal extension (Duarte and Sand-
Jesen 1990; Marba` and Duarte 1998; Hemminga
and Duarte 2000). Since clonal growth can be
described parsimoniously through a few rules (the
distance between consecutive shoots along the
rhizome or spacer length, the linear extension rates
of the rhizomes, and their branching rate and
angle; Bell and Tomlinson 1980; Marba` and Duarte
1998), there has been a considerable effort to assess
clonal growth rules across the seagrass flora (Marba`
and Duarte 1998; Hemminga and Duarte 2000).
The results delivered by this research have
revealed a broad range of variation in all clonal
growth rules, with linear rhizome extension rates
and branching rates varying up to two orders of
magnitude across the seagrass flora and the
branching angle ranging from shallow (about 20u)
to broad (about 80u) across species (Marba` and
Duarte 1998). The research conducted has shown
these growth rules to be scaled to the size of the
seagrass species with the smaller species showing the
fastest linear extension rates, high branching
frequency and broad branching angles (Marba`
and Duarte 1998).
The capacity to describe clonal growth from a few
rules has led to efforts to model space occupation by
plant clones. Most efforts so far have been directed
to produce visual representations of clonal networks
of land plants (Bell 1979; Bell and Tomlinson 1980;
Brouns 1986; Callaghan et al. 1990; Molenaar et al.
2000). Application of such models to seagrasses
have evolved to simple models (based on linear
extension rates or rate of advance of vegetation
front) to produce rough predictions of colonization
time scales (Duarte 1995; Kendrick et al. 1999;
Fonseca et al. 2004) and to examine early seagrass
space occupation by seagrass clones (Marba` and
Duarte 1998). A diffusion-driven model of space
occupation by seagrass clones has been developed
more recently and tested for Cymodocea nodosa
(Sintes et al. 2005). In a diffusive-driven model
new units diffuse to join the cluster, or are added, at
the tips of the branches (Bunde and Havlin 1996) of
the network. This diffusive-driven model, which
allows the visualization and analysis of space
occupation by seagrass clones over long time scales,
has provided evidence of nonlinear growth dynam-
ics in seagrass clones, explaining observations of
such phenomena for C. nodosa patches (Vidondo et
al. 1997). Despite C. nodosa clones growing accord-
ing to the same growth rules during their life span,
young clones develop according to diffusive-limited
aggregation (DLA) processes (Bunde and Havlin
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1996), dominated by branching pattern, whereas
the spread of older clones occur at the periphery of
the clone according to the Eden process (Jullien
and Botet 1985), typical of growth compact struc-
tures. Although the model developed was tested
with C. nodosa, the principles contained in this
model are generic to all seagrass species and can be
applied to examine the dynamics and efficiency of
space occupation across the seagrass flora.
Here we use the diffusion-driven model devel-
oped by Sintes et al. (2005) to examine the
dynamics and efficiency of space occupation by
clonal growth across the seagrass flora. We do so by
running the model for a subset (9 species) of the
seagrass flora, encompassing the broad range of
clonal growth rules (spacer length, rhizome elon-
gation rates, branching rates, and branching angle)
present in the flora, for which sufficient empirical
data exist. The model uses available estimates of
shoot mortality rates for the modeled species.
Materials and Methods
The numerical model developed (Sintes et al.
2005) is inspired by pattern growth formation
models developed within the realm of material
sciences and we briefly review it here. The model is
initiated by placing a seed (a shoot holding an
apical meristem) at an origin coordinate r0 and
assigning to it a unitary, randomly-oriented, vector
director u setting the direction of the rhizome
extension. The model then uses observed growth
rules (i.e., spacer length [r], linear rhizome
elongation rate [v], and branching rate [nb] and
angle [W], Table 1), characterized by their average
and standard deviation, including a cutoff at the
minimum and maximum observed values, which
were sampled at each time step from the corre-
sponding gaussian distribution, accounting for the
variability within seagrass species. The model
iterates the clonal growth process according to the
following steps.
A rhizome that originates in the apex is proposed
to grow from r0 to r 5 r0 + ru.
A time step Dt is defined corresponding to the
time interval for a rhizome apex to produce two
consecutive shoots. The time step is evaluated as: Dt
5 r/(vNa(t)). Na(t) is the number of apices present
in the model at time t.
At each time step, the probability of branching
for each rhizome meristem is also evaluated (Sintes
et al. 2005). The branching probability is calculated
as the product nb 3 r 3 v21 where v is the rhizome
elongation rate (cm apex21 yr21).
The model also uses the mortality rates of the
shoots (mr) to evaluate the probability that each
individual shoot will survive to the next time step.
Within a time step Dt, mr 3 Dt shoots are removed
from the clone.
The model tracks the fate of all individual shoots
and rhizome meristems produced along the clone
development to yield a spatial representation of the
clone at various time steps. The model output also
contains descriptors of the evolution of the relevant
variables describing patch growth, such as the total
length of the rhizome network, the patch radius,
the internal density of shoots and rhizome apices,
and the linear patch growth rate.
TABLE 1. Parameters used as model input for each of the species simulated [mean (SD)] and the time over which clonal growth was
simulated. Data from Olesen and Sand-Jensen (1994): Zostera marina, Vermaat et al. (1995): Enhalus acoroides and Halodule uninervis, Marba`
et al. (1996): Posidonia oceanica, Marba` and Duarte (1998): branching angles for all species but Cymodocea nodosa, Marba` and Walker (1999):
Posidonia australis, Anphibolis antarctica, and Heterozostera tasmanica, Duarte et al. (1996): Thalassodendron ciliatum, and Sintes et al. (2005): C.
nodosa. The minimum and maximum cut off values used in the model are shown below the mean (SD) as min:max.
Species
Spacer length:
r (cm)
Rhizome elongation:
v (cm yr21 apex21)
Branching rate: nb
(branches yr21 apex21)
Branching angle:
W (degrees)
Mortality rate: mr
(units yr21)
Simulated time
(yr)
E. acoroides 6.55 (1.14)
4.5:8.5
3.10 (2.20)
0.0:6.5
0.261 (0.002)
0.24:0.28
56.5 (1.6)
25:80
0.23 (0.05)
0.12:0.35
500
P. oceanica 2.87 (0.87)
1.0:5.0
6.11 (0.06)
5.0:7.0
0.06 (0.02)
0.0:0.12
49.0 (2.0)
20:80
0.156 (0.11)
0.04:0.35
400
P. australis 6.00 (0.48)
2.0:10.0
9.31 (0.29)
7.0:11.0
0.524 (0.005)
0.4:0.6
20.8 (1.7)
5:35
0.37 (0.03)
0.30:0.50
125
A. antartica 3.86 (0.21)
1.0:6.0
20.23 (14.77)
2.0:40.0
0.168 (0.002)
0.14:0.19
48.3 (1.6)
25:75
0.58 (0.08)
0.40:0.75
125
T. ciliatum 3.32 (0.64)
2.0:5.0
17.25 (1.42)
12.0:22.0
0.422 (0.004)
0.35:0.50
30.7 (1.7)
10:50
0.71 (0.04)
0.65:0.80
100
H. uninervis 2.72 (0.59)
0.5:5.0
101.17 (36.39)
50.0:150.0
0.452 (0.005)
0.35:0.55
55.3 (1.2)
25:75
1.81 (0.42)
1.0:2.6
100
Z. marina 5.14 (0.24)
2.0:8.0
26.12 (2.60)
22.0:30.0
1.587 (0.016)
1.1:2.1
66.7 (2.2)
30:100
1.27 (0.20)
0.8:1.8
30
C. nodosa 3.7 (0.1)
2.5:5.0
160.0 (5.0)
140.0:180.0
2.30 (0.05)
1.0:3.5
46.0 (1.5)
10:80
0.92 (0.08)
0.7:1.1
15
H. tasmanica 2.07 (0.08)
1.0:3.0
102.82 (47.18)
30:170
7.69 (0.08)
5.0:9.0
56.0 (1.9)
35:75
3.71 (0.56)
2.5:5.0
12
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The size of the modelled growing patch at any
time t is measured through the evaluation of the
radius of gyration Rg(t), defined as:
Rg tð Þ~
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
Ns tð Þ
XNs
i ~ 1
ri tð Þ{ rCMð Þ2
vuut ð1Þ
where ri(t) is the position of the ith shoot at time t,
rCM denotes the position of the center of mass of
the patch, and Ns(t) is the number of living shoots
in the patch. The radius of gyration, a quantity used
to characterize the linear dimension of objects in
most growth models developed in the context of
physics (Stanley and Ostrowski 1986), is equivalent
to the circular-equivalent radius weighed for the
internal distribution of shoot density of the patch.
The use of the radius of gyration to characterize
patch size is particularly useful at the initial stages of
growth, when the patches present highly irregular
shapes and internal densities (Sintes et al. 2005).
The linear patch growth rate is calculated as the
time derivative of the radius of gyration.
The internal density of the patch is calculated
through the evaluation of the average number of
shoots and apices in a square cell of size 20 3
20 cm2, comparable to the field estimation of shoot
density. The correct simulation of the internal
density by the model required consideration of
a per capita area equivalent to the distance between
consecutive shoots setting an upper limit to an
exclusion area where only one shoot may grow,
avoiding the same position to be simultaneously
occupied by more than one shoot (Sintes et al.
2005). The magnitude of the exclusion area was
defined empirically, by fitting this parameter in the
model as to achieve the shoot density reported in
natural stands of the species tested. The robustness
of the empirically-fitted exclusion area was sup-
ported by the observation that the resulting density
of rhizome apices in the original model, which is
independent of the fitting procedure, matched field
observations.
The model was used to simulate and compare
clonal development for 9 seagrass species, for which
the input data required are available (Table 1). For
each species, the model was run with sufficient time
steps to achieve a steady-state clonal growth, which
varied from 12 to 500 yr among species (Table 1).
The model output values presented here are
average estimates obtained over the development
of 50 replicated clones, and they yield estimates of
the average structure of the clones at each time step
for each of the 9 species examined.
The model followed the fate and position of each
individual shoot and rhizome apices, involving
several million shoots and tens of thousands of
apices by the time the model stopped. The model
was written in Fortran and was run on a workstation.
The run of these models required massive storage
space (512 Mb of memory space for each species)
and (CPU) time (typically about 10 d of CPU time
on a Pentium III at 1 GHz).
Results
The model predicted the development of the
shoot and apex density of the clones of the species
simulated, showing an initial phase of rapid increase
to reach a steady state at times ranging between , 1
yr for the fastest growing species (Heterozostera
tasmanica) and . 100 yr for the slowest growing
species (Enhalus acoroides; Fig. 1). The effective
linear extension rate of the clones also increased
rapidly with time to reach steady-state growth rates,
similar to the rhizome extension rates of the species
(Table 1), after an elapsed time ranging from , 2 yr
for the fastest growing species (C. nodosa) to 50 yr
for the species with the slowest growing rhizomes
(Posidonia oceanica; Fig. 2). The total size of the
clonal networks, as described by the total number of
living shoots and the total rhizome length produced
by any one time step, showed an initial exponential
growth along the first 1/3 of the simulation period
for each species, and grew much slower thereafter
(Fig. 3). The growth efficiency of the clones, as
described by the ratio between the size of the clone
(radius of gyration) and the total rhizome length,
declined with time (Fig. 4), so that young, small
clones occupy space much more efficiently, per unit
rhizome produced, than large clones reaching
steady-state growth, with efficiency only about
0.1% of that at the initial phases of clonal extension.
These results indicate the growth of seagrass
clones to be strongly nonlinear, with a rapid initial
growth followed by a reduction in growth as the
clones reach steady-state growth equivalent to the
rhizome extension rate (Figs. 1–4, Table 2). The
aspect of the seagrass clones also changes during its
development from rather diffuse, indented patches
to compact structures (Fig. 5). The time at which
the growth switches from the rapid initial phase to
the steady-state growth characteristic of compact
clones (i.e., the time at which the slope of the
change in the number of living shoots and the
growth rate with time switches) differed greatly
between species, ranging from , 1 yr for the species
showing the fastest clonal development (H. tasma-
nica) to 90 yr for the species with the slowest clonal
development (P. oceanica; Table 2).
The nonlinear growth of the clones is also evident
in the examination of the relationship between the
radial patch size and the number of living shoots in
the clones (Fig. 6). Two regions of distinct slopes in
the relationship between the radial patch size and
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the number of living shoots can be defined: a region
where radial patch size increases as the 0.6 power of
the number of living shoots, characteristic of
patches with , 1,000 shoots; and a region where
radial patch size increases as the 0.5 power of the
number of living shoots, characteristic of compact
clones (Figs. 5 and 6).
Discussion
The model used predicts the simple growth rules
used to simulate clonal growth to lead to nonlinear
clonal growth, as reported for C. nodosa (Vidondo et
al. 1997; Sintes et al. 2005). Seagrass patches evolve
from highly diffuse, dendritic structures to compact
structures along the growth process (Fig. 5). The
common behavior observed in all the species
studied, despite their differences in size and clonal
growth rules (Table 1), demonstrates that the
nature of the emergent complexity is contained
within the simple set of growth rules that can be
used to represent clonal growth (Marba` and Duarte
1998; Sintes et al. 2005).
The nonlinear behavior of clonal growth depicted
by the model derives from a regime shift in the
growth mode of the clones from a DLA process to
a compact growth mode as the shape of the clones
shift from dendritic to compact structures. These
changes are associated with a major reduction in the
efficiency of space occupation despite accelerated
net linear extension rates along the growth process.
The compact structures formed by developed clones
and the sharp decline in growth efficiency result
from internal space limitation, reflected in the
maintenance of steady-state shoot density and the
fact that much of the rhizome growth of the clonal
network is invested in recolonizing internal spaces
Fig. 1. Shoot density profiles and apex density profile versus
patch age. The different lines correspond to the different species
under study. The inset plot includes the corresponding densities
for the fastest growing species. The labels stand for: Ea 5 Enalus
acoroides, Po 5 Posidonia oceanica, Pa 5 Posidonia australis, Aa 5
Amphibolis antartica, Tc 5 Thalassodendrom ciliatum, Hu 5 Halolude
uninervis, Zm 5 Zostera marina, Cn 5 Cymodocea nodosa, and Ht 5
Heterozostera tasmanica.
Fig. 2. Patch growth rate versus age for the different species
studied. Labels identify the species as in Fig. 1.
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left void by shoot mortality. Most of the rhizome
material produced by young clones results in the
effective extension of the clone, leading to the high
early growth efficiency highlighted by the model.
During the early stages of patch growth, the
branches basically grow independently of each
other. During this growth regime, the change in
the number of apices Na and living shoots Ns, is
controlled by two ordinary differential equations:
dNa
dt
~ nbNa
dNs
dt
~{mrNs z Na
ð2Þ
where nb and mr are the branching rate and
mortality rate, respectively, of the species. The
solution can be readily derived (cf., Sintes et al.
2005) showing that both the change in the number
of shoots Ns(t) and apices Na(t) is an exponential
process dominated by the branching rate nb,
Ns tð Þ* Na tð Þ* exp nbtð Þ ð3Þ
This is also the case for the overall length of the
clonal network produced, which is proportional to
the number of shoots. The validity of this theoret-
ical prediction derived from the analysis of the
growth process (Eq. 3), and the hypothesis of
independent branching rate, can be easily checked
by measuring the observed branching rate of our
model outputs for the different seagrass species
under study. The observed nb during the early
growth stages is obtained by computing the slopes
of the curves corresponding to the rhizome length
produced and number of living shoots in a semi-log
representation (Fig. 3). The results show a reason-
Fig. 3. Total rhizome length produced by the clone and
number of living shoots in the clone versus patch age for the
different species studied. Inset plots include the behavior of the
fastest growing species. Labels identify the species as in Fig. 1.
Fig. 4. Efficiency of space occupation profile versus patch age
for the different species studied. The inset plot includes the
behavior of the fastest growing species. Labels identify the species
as in Fig. 1.
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able agreement between the predicted and simulat-
ed branching frequency (Fig. 7, Table 2). During
this growth regime, the observed patches, contain-
ing less than 103 shoot units, are highly ramified
(Fig. 5), with a dendritic morphology that is
characteristic of those structures generated by
a DLA process (Witten and Sander 1981).
The main feature of a DLA process is that
branched or ramified structures are generated.
These structures extend in space with a characteris-
tic radius larger than the typical radius of a compact
structure composed of the same number of units. In
mathematical terms, the characteristic radial size of
the aggregates (R) scales with a power law of the
number of individuals (N) is R , Na, with the
exponent a as the inverse of the so-called fractal
dimension Df of the branched structure. For DLA
aggregates the fractal dimension has been found to
be Df 5 1.7 (Witten and Sander 1981), so a 5 1/Df
5 0.59. This exponent is in agreement with the
observed relationship between the radial patch size
and the number of living shoots for small clones
containing less that 103 shoots, which shows a power
slope of about 0.6 (Fig. 6, Table 2).
The structure for large clones (. 105 units) is
completely different. The empty areas left during
the early stages of clonal extension have been filled
to yield compact structures (Fig. 5). At the stage at
which the shape of the clones have shifted from
complex dendritic structures to more compact
geometric structures (circular to oval), the number
of units contained in each clone grows with a linear
extension given by the characteristic radial patch
size, that is, N , R2. The fractal dimension is just the
Euclidean dimension Df 5 d 5 2 and a 5 0.5. This
result is consistent with the observed relationship
between the radial patch size and the number of
living shoots for clones containing more than 105
units, which shows a 0.5 power scaling (Fig. 6,
Table 2). Growth of the clones takes place mainly
Fig. 5. Snapshots of the shoot density for six selected species at different times. Top row: half of the measured time to the regime shift
(t/2; see Table 2), middle row: at the regime shift (t), and bottom row: at twice the time to the regime shift (2t). As indicated in the figure,
different length scales apply to each selected time. Labels identify the selected species as in Fig. 1.
TABLE 2. Comparison between the branching rate (nb) model data input (Table 1) and that calculated as the initial slope between the
total number of shoots produced by the clone and clonal age (Fig. 3); the exponent characterizing the power law behavior for the radial
patch size versus the number of living shoots for small clones a{ (DLA process), and large clones a{ (compact radial growth) (Fig. 4.); the
efficiency decay rate (g) predicted from the measured exponent a and the branching frequency nb, and the rate of decline derived from
the model output (Fig. 4); and the age at which the clones undergo regime shift (t) predicted from the branching angle (in radians) and
branching rate, and that derived from the model output. Data includes average (6 SE) of model output for each species.
Species
nb (model input)
(branches yr21 apex21) nb (calculated) a{ a{
Efficiency decay rate:
g5 (a 2 1) nb [yr21] g (calculated)
Transition time:
t 5 2p/(Wnb) [yr] t (calculated)
E. acoroides 0.261 0.118 (0.004) 0.67 0.49 20.104 20.054 (0.005) 24.6 50 (20)
P. oceanica 0.06 0.09 (0.01) 0.63 0.49 20.024 20.06 (0.01) 122.5 70 (20)
P. australis 0.524 0.35 (0.04) 0.58 0.48 20.208 20.22 (0.02) 32.9 35 (5)
A. antartica 0.168 0.163 (0.005) 0.63 0.46 20.067 20.09 (0.01) 44.6 50 (20)
T. ciliatum 0.422 0.35 (0.03) 0.58 0.48 20.169 20.18 (0.01) 28.4 30 (10)
H. uninervis 0.452 0.39 (0.04) 0.68 0.48 20.180 20.19 (0.01) 14.5 15 (5)
Z. marina 1.587 1.26 (0.05) 0.57 0.49 20.635 20.81 (0.01) 3.4 8 (2)
C. nodosa 2.30 2.31 (0.07) 0.59 0.51 20.920 21.33 (0.04) 3.4 4 (1)
H. tasmanica 7.69 3.2 (0.9) - 0.50 23.077 22.2 (0.5) 0.8 2 (1)
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along the perimeter of the patch, usually referred to
as the active zone in the context of pattern
formation models. These features conform to the
main characteristics of the Eden growth model
(Eden 1961) and identify the growth mode of older
patches. At the time the clone reaches this compact
growth, the growth rate of the clone, which
increased continuously during the DLA growth
mode, reaches a steady-state value (Fig. 2) close to
its rhizome elongation rate, and the shoot and apex
density reach a plateau (Fig. 1).
The growth efficiency of the clones, defined as
the ratio between the characteristic linear extension
of the clones and the total rhizome length pro-
duced, during the DLA regime will change in time
as:
Efficiency ~ Rg tð Þ
.
Ns tð Þ* N a{ 1ð Þs
* exp a{ 1ð Þnbtð Þ
ð4Þ
We define a characteristic efficiency decay rate as g
5 (a 2 1)nb. We have computed the theoretical
expected value of g at the initial stages of the patch
growth, where the total rhizome length produced
grows exponentially with the branching frequency is
found to be valid, and where a 5 0.59. The
predicted value of g derived for the different
species modeled can be compared with the value
Fig. 6. The increase in the radial patch size with the increasing
number of living shoots. Vertical dashed lines separate the two
growing regimes: a diffusion limited following a power law with
exponent a 5 0.6, and a compact radial growth with a 5 0.5.
Symbols refer to species: Ea (+), Po (*), Pa (2), Aa (e), Tc (D),
and Hu (%). Inset plot includes the behavior of the fastest
growing: Zm (e), Cn (D), and Ht (%). Labels are as in Fig. 1.
Fig. 7. The relationships between the observed branching
frequency (Table 1) and that calculated as the initial slope
between the total number of shoots produced by the clone and
clonal age (Fig. 3); the rate of decline in growth efficiency (g)
predicted from the observed exponent a and the branching
frequency nb, and the rate of decline derived from the model
output (Table 2); the age at which the clones undergo regime
shift (t) predicted from the branching angle (in radians) and
frequency and that derived from the model output (Table 2).
Data points represent average (6 SE) of model output for
each species.
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derived from the model output by computing the
slope in a semi-log plot of the efficiency versus age
at the early stages of growth (Table 2). This
comparison shows a reasonable agreement between
the expected and simulated g values (Fig. 7).
During the early growth period, the patch shape
showed an elongated, loosely packed shape, pro-
gressing to reach a compact shape as the patch
shifted from a diffusion limited to a compact growth
mode. The critical event accounting for this change
in growth mode is the requirement that patch
growth must progress from an initial, random
directional growth to a uniform centrifugal growth.
This change requires sufficient branching events
within the clone as to allow a 180u shift from the
initial direction of clone propagation for some of
the meristems. With an average branching rate nb,
the alternate branching mode of the seagrass
species modeled (Hemming and Duarte 2000),
and branching angle W, the time scale required
for this 180u shift from the initial direction of the
clone propagation can be estimated as:
t~
2p=W
nb
ð5Þ
The predicted theoretical transition time between
the diffusion limited to a compact growth mode
(Eq. 5) for the set of species modeled is in good
agreement with that inferred from the model
output (Fig. 7, Table 2), estimated as the average
time at which each of the species reaches its steady-
state growth rate and shoot and apex density
plateau value. Knowledge of the average branching
rate nb and the branching angle W allows for the
prediction of the time at which the clones of
seagrass species reach their maximum growth rate,
characterized by a centrifugal radial patch growth in
all directions and the development of compact
patch structures. Since these components of sea-
grass clonal growth are known for most species
(Marba` and Duarte 1998), these predictions can be
formulated a priori for almost the entire seagrass
flora.
In ecological terms, the difference in clonal
growth form between the early, dendritic patterns
and the compact growth of more developed patches
corresponds to the strategies referred to as guerrilla
and phalanx (Lovett-Doust 1981). The guerrilla and
phalanx strategies are the extremes of a continuum
of growth form from production of widely spaced
ramets (guerrilla growth form), maximizing inter-
specific contacts and infiltrating the surrounding
vegetation, to the tight-packed advancing front of
ramets (phalanx growth form), with high intraclo-
nal contacts that exclude other plants from the
clonal territory (Lovett-Doust 1981). Whereas the
guerrilla and phalanx strategies have been assumed
to be species-specific traits, our model results
indicate that these strategies in fact represent
chronological stages during clonal development
and that, provided sufficient time, all seagrass
species transit from clones displaying a guerrilla
growth to clones displaying a phalanx growth. The
time required for any given species to transit from
one mode to another varies across species, with an
inverse relationship to their branching rate nb and
angle W (Eq. 3). Species that combine shallow
branching angles with low branching rates, such as
the slow growing species P. oceanica (Table 1), which
is the dominant species in developed meadows in
the Mediterranean sea (den Hartog 1970), shall
maintain a guerrilla growth pattern along consider-
able (years to decades) time scales. Species that
combine wide branching angles with high branch-
ing rates shall display a phalanx growth form soon
after patch initiation (one to a few years). Variability
in the traits that control the duration of the
guerrilla phase of clonal growth, i.e., branching
rate and angle, can also be considerable within
species (Marba` and Duarte 1998). There should
also be important variability in the transition from
guerrilla to phalanx growth and the perceived
ecological strategies within populations of any one
species.
The shape and growth of seagrass clones in
nature can also be constrained by disturbances
affecting plant survival and growth. The growth
of C. nodosa patches colonizing submerged dunes
has been shown to be stimulated towards the
direction of dune migration (Marba` et al. 1994).
Sand deposition also constrains the progression of
the front of Halodule wrightii meadows (Bell et al.
1999).
The modeling exercise presented here confirms
the complex, nonlinear dynamics of clonal growth
for seagrass species that can be derive from internal
dynamics of space occupation by the clones,
imposing a transition from a DLA, dendritic patch
growth to a compact patch growth once internal
recolonization of gaps within the clone begins. The
time for this transition to occur can be predicted
from simple traits, the branching angle, and
frequency of the species, and it varies from 1 yr to
several decades among species. As a consequence
the growth behavior and the apparent growth
strategy of the species changes along the develop-
ment of the clones. The recognition of internally-
imposed, nonlinear growth dynamics within sea-
grass clones may help understand the complex
behavior observed during seagrass colonization
(Vidondo et al. 1997; Kendrick et al. 1999) and
help forecast seagrass colonization.
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